Abstract In order to better understand the diverse discharge styles and eruption intervals observed at geothermal features, we performed three series of laboratory experiments with differing plumbing geometries. A single, straight conduit that connects a hot water bath (flask) to a vent (funnel) can originate geyser-like periodic eruptions, continuous discharge like a boiling spring, and fumarole-like steam discharge, depending on the conduit length and radius. The balance between the heat loss from the conduit walls and the heat supplied from the bottom determines whether and where water can condense which in turn controls discharge style. Next, we connected the conduit to a cold water reservoir through a branch, simulating the inflow from an external water source. Colder water located at a higher elevation than a branching point can flow into the conduit to stop the boiling in the flask, controlling the periodicity of the eruption. When an additional branch is connected to a second cold water reservoir, the two cold reservoirs can interact. Our experiments show that branching allows new processes to occur, such as recharge of colder water and escape of steam from side channels, leading to greater variation in discharge styles and eruption intervals. This model is consistent with the fact that eruption duration is not controlled by emptying reservoirs. We show how differences in plumbing geometries can explain various discharge styles and eruption intervals observed in El Tatio, Chile, and Yellowstone, USA.
Introduction
The discharge style of geothermal activity is diverse. A ''hot spring'' discharges hot water continuously, and if it splashes water it is often called a ''boiling spring.'' If the splashing is vigorous and intermittent, features are called ''geysers.'' ''Fumaroles'' discharge mainly condensable and noncondensable gas phases sometimes with condensed or entrained droplets. Geyser fields host, often in close proximity, a range of features, including geysers with a wide range of eruption heights, from centimeters to >10 m, and intervals between eruptions, from minutes to many days [Munoz-Saez et al., 2015a] . Specific thermal features can transition from behaving as a fumarole, geyser, boiling pool, or a continuously discharging hot spring [White, 1967; Fournier et al., 1991; Munoz-Saez et al., 2015a] . Individual geysers can be episodic or regular [Rinehart, 1965; Nishimura et al., 2006; Rudolph et al., 2012; Munoz-Saez et al., 2015b] . Some geysers vigorously erupt after several small eruptions called preplay [Kieffer, 1984] . Both regular and nonregular preplay events are observed [Karlstrom et al., 2013; Namiki et al., 2014; Vandemeulebrouck et al., 2014] . Geysers sometimes interact with each other [Marler, 1951; Munoz-Saez et al., 2015a] . The eruption intervals of geysers can change over time [Rojstaczer et al., 2003; .
In engineering studies, intermittent boiling of water is called ''geysering'' and some features of the geysering process are understood. For example, heating of a long tube permits intermittent boiling and eruptions [e.g., Griffith, 1962; Anderson et al., 1978; Dowden et al., 1991; Lasic and Planinsic, 2006] . The aspect ratio of the tube is a key for geysering [e.g., Lu et al., 2006] . This system is of interest to prevent mechanical damage in nuclear reactors and rocket vehicles [e.g., Murphy, 1965; Aritomi et al., 1993; Jiang et al., 1995] . The importance of heat flux and steam condensation on geysering has been documented [e.g., Goodykoontz and Dorsch, 1967; Boure et al., 1973; Casarosa et al., 1983; Aritomi et al., 1993; Marcel et al., 2010] . Other parameters also affect the geysering process: the water level and geometry of the vessel, as well as pressure and temperature differences driving water flow and heat transport [Lin et al., 1995 In order to address these three questions, we focus on the geometry of plumbing systems and water recharge. The dynamics and properties of geothermal discharges are presumably influenced by the plumbing systems (the conduit, its branches, and reservoirs connected to them) through which heat and mass are transported to the surface. Various observations suggest that there may be multiple interconnected reservoirs of water that underly the main geyser conduit [e.g., White, 1967; Lloyd, 1975] . Direct imaging of geyser conduits reveal that they intersect cracks and large reservoirs that trap rising condensable and noncondensable vapor [Hutchinson et al., 1997; Belousov et al., 2013] . Seismic observations also reveal the spatial relationship between cavities, conduits, and the vent . Physical measurements have shown that the pressure inside the conduit of vigorously and not vigorously erupting geysers is higher and lower than hydrostatic pressure, respectively [Munoz-Saez et al., 2015a] .
We simulate different plumbing geometries by varying the length, radius, and branching of the conduit, which affect the pressure in the conduit, the heat flux from the conduit wall, and interaction with external water sources. We also varied the water level during the quiescent period between eruptions. We first consider boiling at the bottom of a single long vertical tube, in which the length and radius of the tube control the locations where condensation occurs. We then add one or two branches which permit recharge of colder water, and increase the complexity of eruption styles. Our experiments show that subtle differences of plumbing geometry generate multiple styles of discharge including geyser-like eruptions, fumaroles, and boiling springs. In this paper, we use the term ''eruption'' for the occurrence of discharge and intermittent boiling. We finally show some new field observations for which complex plumbing geometries can explain various discharge styles and eruption intervals.
Experimental Method
We modeled the plumbing system by using a flask (hot water bath) connected to a 0.12 m diameter funnel (vent) through a Teflon tube with an inner radius of either 1 mm or 3 mm (conduit), as shown in Figure 1 . This is a frequently used setup in laboratory studies of geyser eruptions [Steinberg et al., 1982; Lasic and Planinsic, 2006; Toramaru and Maeda, 2013; Adelstein et al., 2014] . Our conduit radii (1-3 mm) are narrower than those observed at Earth's surface, which are typically $10 21 m [Hutchinson et al., 1997; Munoz-Saez et al., 2015b] .
We used two types of flask/heater combinations. One flask (type 1 shown in Figure 1 ) has two side ports and one neck 80 mm long and 33 mm in diameter, a capacity of 600 mL, and a round bottom that is heated by a Q 5 220 W mantle heater. The other (type 2 shown in Figure 2 ) has one neck 160 mm long and 15 mm in diameter without side ports, and has a capacity of 520 mL with a flat bottom which is heated by a hot plate. The time to reach boiling conditions for the same amount of water (0.5 kg) is approximately the same in these two systems. We thus infer that the heat transferred to the flask is the same in both configurations. We changed the flask from type 2 to type 1 to avoid leakage, and confirmed that the difference of flask type does not significantly affect the eruption style. If there is no heat loss, the power of Q 5 220 W can boil 5:4310 23 mol s 21 of liquid water with a latent heat of 40.7 kJ mol 21 .
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We measured the pressure and temperature of the water at a frequency of 100 Hz in most experiments using a HIOKI 8430 data logger with one pressure sensor (XPM10 from Measurement specialties) with an accuracy of <0.25% of full range, corresponding to 100 Pa for 40 kPa, and K-type thermocouples with an accuracy of $18C around 1008C. Only for experiment 0-8, the sampling frequency was 10 Hz. The pressure sensor is sensitive to low-frequency events including static pressure change, and measures the sum of static and dynamic pressures. For the temperature measurement, we averaged the measured value over a 0.1 s interval which is the response time of the sensor. The locations of the pressure sensor and thermocouples (T1-T8) are shown in Figure 1 . The thermocouples and the pressure sensor at the intermediate heights of the conduit (T2 and T3) are placed at the dead end of a short branch, so that the absolute values of measured temperatures are sometimes lower than those measured at the funnel. The initial conditions of the experiments are room temperature (152298C) and atmospheric pressure (10 5 Pa).
The experiments are separated into three groups based on the number of branches: no branches, one branch, and two branches ( Figure 1c and Tables (1-3) ). The branches connect to the cold water tanks or another funnel. In the experiments without branches, the conduit is sometimes connected to the cold water Geochemistry, Geophysics, Geosystems Figure  2b ; the larger sensor numbers are for higher elevation. (b) The measured pressure and temperatures in experiment 0-3. The x axis is the elapsed time after the heating begins. Boiling increases the height of the water column so that pressure increases. Further boiling fills the conduit with steam so that pressure decreases. Geochemistry, Geophysics, Geosystems
Measured pressures and temperatures are shown in Figure 2b . By heating the flask, the temperature inside the flask increases linearly (T1). When T1 becomes close to the atmospheric boiling temperature, 1008C, boiling begins in the flask increasing the total volume as observed by the fluctuation of the pressure around 1300 s. Here steam fills the deeper part of the flask while liquid water accumulates at more shallow depths. As a result, the water level inside the conduit rises, which is evident by the pressure increase from 1300 to 1400 s. That is, as the liquid water fills the conduit, the static pressure in the lower part of the conduit increases. As pressure increases, so does the temperature (T2). Around 1400 s, the boiling in the flask becomes intense and the hot water suddenly reaches the vent as shown by the rapid temperature rise at T3 and T4. The measured pressure also increases but then decreases back to an average value similar to the value before the boiling but with larger, high-frequency fluctuations. At this time, visual observations show that the interior of the conduit is filled with steam whose density is lower than that of liquid water, 10 3 kg m 23 , but is close to that of the air, 10 0 kg m 23 . We thus assume that the measured pressure represents the static pressure. Steam supplied from the conduit intermittently makes splashes in the funnel, which is similar to a boiling spring (Figure 2a ). This state continues until the end of experiment and the temperature at the vent remains around 1008C.
To visualize the phase difference in the conduit and funnel, we added green dye to the transparent liquid water in the funnel. The water in the funnel becomes green but inside the conduit and flask, water remains colorless. The dyed water never flows down the conduit until the heater is turned off. From this observation, we conclude that the conduit is filled with steam rather than air, because air is squeezed out of the conduit during the initial boiling (Supporting Information Movie 1, experiment 0-3). After the liquid water reaches the funnel, steam is continuously supplied from the flask to the funnel. It is not likely that air is entrained from the funnel into the conduit.
When the conduit length is longer (1.8 m, shown in Figure 3a , experiment 0-4), the accumulated water makes more energetic splashes but intermittently flows back into the conduit as documented by the The excess pressure DP and the activated duration Dt are plotted in Figure 11 . Figure 3b . When the hot water flows back into the conduit, atmospheric air flows into the conduit and the measured temperature decreases. The details of this geyser-like behavior are described further in section 3.1.2.
For a longer conduit with a smaller radius (experiment 0-6, 1.8 m, 1 mm), a small volume of water accumulates at the vent (shown by the green arrow in Figure 3a) , and never drains into the conduit. For a short and small radius conduit (Figure 3a , experiment 0-7, 0.44 m, 1 mm), there is no water accumulation at the vent. Splashes of small droplets occur continuously accompanied by energetic steam discharge, similar to a fumarole. As a result, the measured temperatures at the vent in these two experiments remain around 1008C ( Figure 3b ).
The occurrence of geyser-like behavior is clearly recognized in the power spectra of temperature and pressure measurements (Figures 3c and 3d) . Only the orange curve shows the peak around 0.02 Hz, indicating Geochemistry, Geophysics, Geosystems 10.1002 that the interval between eruptions is approximately 50 s. The peak for experiment 0-8 shown by the light blue curve should appear around 5310 23 Hz but is not clear because of the length and waveform of the data. In the power spectra for pressure (Figure 3d ), other peaks are observed around 40 Hz in experiments with short conduits (experiments 0-3 and 0-7), which we attribute to the flask behaving as a Helmholtz resonator, with a resonance frequency of
where c 5 473 m s 21 is the sound velocity of steam at 1008C, r is the aperture radius, l 0 is the length of the neck, and V is the volume of the chamber [e.g., Kobayashi et al., 2010] . The Helmholtz resonator is suggested as a possible mechanism for generating low-frequency seismicity observed at natural geysers [Vandemeulebrouck et al., 2014] .
In experiment 0-3, the conduit has r 5 3 mm and l 0 $ 1 m, steam fills V $ 10 24 m 3 in the flask, and we then obtain a frequency of 40 Hz. In experiment 0-7, the peak frequency is lower, which may indicate that the tube radius is smaller than that in experiment 0-3. There is no shoulder around 1 Hz in experiment 0-3, which differs from the other experiments. This may be attributed to the different shapes of the flask: flask type 2 was only used in experiment 0-3. 3.1.2. Geyser-Like Behavior of Condensed Water Figure 4 shows nine eruptions with the geyser-like behavior observed in experiment 0-4 without external cold water recharge. The plumbing system, shown in Figure 4a , has a long conduit (1.8 m) connected to the boiling flask and the funnel. Before heating, the water level is below the connection between the flask and the conduit; i.e., the conduit is empty.
After the heating begins, boiling increases the water volume and the water ascends in the conduit as a mixture of liquid and steam ( Figure 4c ). The arrival of water in the vent is documented by the rising Geochemistry, Geophysics, Geosystems
temperature shown with the orange curve in Figure 4d . The condensed water pools in the funnel and its temperature remains around 998C for approximately 30 s. Steam continues to travel from the flask and the funnel hosts a boiling spring. We call this stage ''eruption.'' Eventually, the water in the funnel suddenly drains into the conduit and eruption ends, indicated by the black stripes in Figure 4c , and temperature decreases at the vent ( Figure 4d ).
Interestingly, the pressure at the bottom of the conduit is high when there is no eruption, and it is low during the eruption as shown by the black curve in Figure 4b . This is because, during the quiescent period, liquid water fills the conduit so that the hydrostatic pressure becomes high at the bottom of the conduit. When the water reaches the vent, the interior of the conduit is filled with steam and liquid water spreads in the funnel so that liquid water thickness decreases. Given that the density of liquid water is approximately 10 3 times larger than that of steam, the static pressure for liquid 1 steam at the bottom of the conduit decreases. Thus, the plumbing geometry can change the static pressure by varying the thickness of the liquid water column. Such effects of plumbing geometry on the pressure variation were proposed by Kedar et al. [1998] . The measured temperature in the flask shown by the green curve correlates with the pressure fluctuation shown by the black curve.
Despite this intermittent eruption, visual observation shows that water inside the flask continues to boil and never cools below the boiling temperature. The descending condensed water stops somewhere in the conduit before ascending again. We also note that the temperature in the lower parts of the conduit (T2 in dark blue and T3 in pink) does not show a clear variation with the eruption cycle, suggesting that entrained air does not reach these depths. Both ascending steam and descending liquid water are close to the boiling temperature so that the measured temperature does not record the flow.
A Pool at the Vent
Some natural geysers have a pool at their vents. We thus conducted experiments 0-8 and 0-9, in which the conduits are similar to those of 0-4 and 0-6, respectively, but a cold water tank resides at the vent instead of the funnel (Figure 1b ). The system includes more water so that water exists at the vent before boiling occurs in the flask. The basic behaviors in these experiments are similar to those without the cold water tank.
In experiment 0-8, intermittent eruption is observed as shown by the light blue curve in Figure 3b . The temperature is measured at the vent, i.e., outlet of the conduit located at the bottom of the cold tank. During the eruption, the measured temperature reaches the boiling temperature of 1008C, indicating that the steam generated by boiling in the flask reaches the cold water tank. At the end of the eruption, the measured temperature drops below the boiling temperature <708C. This is because descending water from the cold tank stops the boiling in the flask. The duration of the eruption is similar to that in experiment 0-4 but the quiescent time is longer. The water in the cold tank, initially at room temperature of 18.58C, is heated by the steam supplied from the flask and then reaches a steady state temperature.
In experiment 0-9, there is a continuous supply of steam into the cold tank, similar to experiment 0-6. One difference is that steam condenses in the cold water tank. This is because the surrounding water does not reach the boiling temperature, although continuous steam supply from the flask heats the water in the cold tank. Indeed, water temperature in the cold tank reaches a steady state ($708C), while the temperature at the vent remains at boiling temperature ($1008C).
Regime Diagram
Our experimental results show a variety of discharge styles even in a single straight conduit. In Figure 5a we summarize the discharge styles as a function of the conduit radius, r, and length, l. When the conduit length is short and its radius is small, the discharge consists mainly of steam and is analogous to a fumarole. The longer conduits with larger radii discharge condensed water, and the discharge style varies from continuous to intermittent. Such discharge styles are analogous to boiling springs and geyser-like intermittent eruptions. The conduit lengths and radii affect cooling from the conduit walls by changing surface area, which in turn controls the condensation, flow, and pressure variations in the conduit and hence determine the discharge style. We thus infer that the cooling and the pressure distribution inside the conduit determine the discharge style.
The effect of cooling is estimated from the product of the surface area of the conduit, S52prl, and the areal heat flux from the conduit wall, q5kDT=d, where k is the thermal conductivity, DT is the temperature difference between the inside and the outside of the conduit, and d is the thickness of the conduit wall through Geochemistry, Geophysics, Geosystems
which heat is conducted. If heat flux from the conduit wall qS exceeds the heat supply from the heater Q 5 220 W, qS=Q > 1, steam will condense in the funnel. Assuming that the temperature inside and outside the conduit are 100 and 208C, respectively, the heat loss from the conduit wall is estimated as
where q 5 20 kW m 21 is the areal heat flux, and obtained using k 5 0.25 W m 21 K 21 for the thermal conductivity of Teflon, and d 5 1 mm is the thickness of the Teflon tube. The surface area of the conduit is S52prl.
If the pressure gradient created by steam flow exceeds the hydrostatic pressure gradient DP s =DP h > 1, water in the funnel cannot flow down into the conduit. The maximum hydrostatic pressure difference between the bottom and top of the conduit is estimated by
where q l 510 3 kg m 23 is the liquid water density and g 5 9.8 m s 22 is the gravitational acceleration. The pressure difference to support the steam flow is estimated using the steam flow velocity. Assuming that the all heat supplied from the heater is used to vaporize liquid, the flow velocity inside the conduit is estimated by
where L 5 40.7 kJ mol 21 is the latent heat of water, R 5 8.3 J mol 21 K 21 is the gas constant, and T 5 373 K is the boiling temperature of the water. For pressure, P, we use the atmospheric pressure 10 5 Pa.
The pressure gradient in the rapid steam flow, estimated using a friction factor [Namiki et al., 2014] and its integration, is
where q s 51 kg m 23 is the steam density and f is the friction factor [Turcotte and Schubert, 2002] f 50:3164Re s 21=4 :
Re s is the Reynolds number for steam flow, Geochemistry, Geophysics, Geosystems
where g s 510 25 Pa s is the steam viscosity.
In Figure 5b , we plot DP s =DP h , the pressure of the steam flow normalized by hydrostatic pressure, as a function of qS/Q, cooling normalized by heat supply. We here introduce DP s =DP h and qS/Q in order to understand the mechanisms governing the discharge styles.
When qS=Q < 1 and DP s =DP h > 1, the heat loss from the conduit is smaller than the heat supply and the pressure gradient by steam flow exceeds the hydrostatic pressure gradient, suggesting that steam can reach the vent before it condenses and steam flow can overwhelm the weight of the overlying liquid water. The blue crosses, in which discharge is fumarole-like, plot in this regime. When qS=Q > 1 and DP s =DP h < 1, steam condenses before reaching the vent and the hydrostatic pressure exceeds the steam flow pressure, so that condensed water can descend in the conduit. The orange and light blue circles, in which geyser-like behavior is observed, plot in this regime. Between these two regimes, we observe boiling spring-like behavior. As DP s =DP h becomes small, the filling level in the funnel increases. This may be because low-pressure steam flow does not have sufficient energy to splash the condensed water. The observation in Figure 2a that the measured pressure at the bottom of the conduit is lower than hydrostatic pressure is consistent with this plot (Figure 5b ). We note that in experiment 0-1 denoted by the large green cross, the amount of condensed water increases with time, and flows down after 60 min. In the other experiments shown with pink crosses, we confirmed that the descending flow does not occur within at least 12 min but would if we could extend the experiments. These results show that even small differences in conduit radius and the distance between the heat source and the surface can alter discharge style.
One Branch 3.2.1. Inflow of Cold Water
Next we consider the effect of a branch connected to a cold water tank allowing the condensed water to be recycled (Table 2 and Supporting Information Movie 2). This geometry has been used for geyser experiments but the effect of the branching height and time dependence have not yet been studied [e.g., Steinberg et al., 1982; Toramaru and Maeda, 2013; Adelstein et al., 2014] . Figure 6a shows the typical plumbing system in this series of experiments (in this case 1-1). The branch 0.21 m above the hot flask connects to the cold water tank located 0.60 m above the branching point, which is around the middle of the 1.8 m long conduit. The location of the cold tank is marked T5, simultaneously showing the location of the temperature sensor whose data is shown with light blue curves in Figure 6d . For an initial condition, the hot water in the flask was dyed red and the water in the cold tank was not colored. Figure 6a schematically shows that dyed water flows into the cold tank and conduit.
In this system, boiling in the hot flask is terminated by inflow of cold water so that boiling conditions are intermittent. Here we call the intermittent boiling an ''eruption,'' even if the water does not reach the funnel. The intermittent behavior is similar to that observed in Figure 4 but the inflow of cold water generates different features. Figures 6b-6d shows the time evolution of measured pressure, temperatures, and visual observations. The temporary cessation of boiling is recognized by the measured temperatures in the hot flask T1 shown by the green curve ( Figure 6b ) whose minima fall below the boiling temperature at atmospheric pressure, 1008C. The measured excess pressures relative to atmospheric pressure (gauge pressure) during boiling are 10 5 Pa, one order of magnitude larger than those observed in the experiments without branches, 10 4 Pa. These fluctuations exceed the pressure increase from hydrostatic pressure (q l gl $ 10 4 Pa).
The flows generated by boiling are shown in Figure 6c . When boiling begins, the hot water flows into both the conduit and branch so that yellow vertical lines are observed in sections Bs and Ls. When the cold water flows into the conduit, boiling stops and the colors in sections Bs and Ls return to the blue colors. In the upper section Us in Figure 6c , the water usually does not reach this height, which is much higher than the cold tank, but the boiling in the flask is recognizable.
In Figure 6d , the measured temperatures in the lower part of the conduit, T2 below the branch (dark blue) and T3 above the branch (pink), show rapid increases during boiling. This is consistent with the visual observations in which the hot water reaches these heights only during boiling. The hot water flows into the cold tank so that the temperature in the cold tank increases following each boiling event in a stepwise manner Geochemistry, Geophysics, Geosystems
as recorded at T5 (light blue curve). The hot water never reaches the funnel so that the temperature T4 (orange curve) remains at the atmospheric temperature. Figure 7 and Supporting Information Movie 3 are the close-up views of Figure 6 around 3000 s and show the details of the interaction between the branch and conduit. At first, when the flask begins boiling, hot water flows into the branch. This is because the radius of the cold tank is larger than that of the conduit, so that hot water flow does not increase the hydrostatic pressure much. Eventually, steam fills the branch as denoted by the first black arrow. However, the branch is then suddenly filled by descending water as is evident from the orange color, indicating the collapse of the steam bubbles, and then the conduit pressure increases impulsively. This is because, during the bubble collapse, bubble radius is reduced more than equilibrium by inertial motion to compress the steam inside the bubble, and then the compressed steam generates an impulsive high pressure wave [e.g., Rayleigh, 1917; Plesset and Chapman, 1971; Lauterborn and Bolle, 1975] . This mechanism has been considered a source of tremor originated by geysers [e.g., Kieffer, 1984; Kedar et al., 1996 Kedar et al., , 1998 ]. We thus attribute the impulsive pressure increase beyond the hydrostatic pressure to bubble collapse in the branch by the inflow of cold water. Pressure increase by bubble collapse in the branch may be sufficient to raise the water level in the conduit. After that, steam flows into the conduit and branch alternatively, shown by the white and black arrows, until cold water stops the boiling in the flask.
Characteristics of Interactions Between Hot and Cold Water
As we observed in Figure 6d , hot water flows into the cold tank, monotonically increasing the temperature of the cold tank. In order to understand how the temperature of the cold tank affects the evolution of eruption dynamics, we next analyze the time series of temperature. Associated with the increasing temperature in the cold tank, the eruption intervals decrease, as shown in Figure 8a . In turn, the minimum temperature in the flask recorded after each eruption increases with time, as shown in Figure 8b .
Assuming that the temperature reduction in the hot flask from T Hmax to T Hmin at the end of each eruption originates only by the cold water inflow with temperature T C , we can estimate the mass of the cold water inflow DM C relative to the water mass in the hot flask M H from the energy balance, Geochemistry, Geophysics, Geosystems
where we assume that the specific heat is constant. The latent heat released by condensation of steam filling the small volume in the flask is approximately 2310 2 J, 1 order of magnitude smaller than the energy change from the temperature decrease (>4310 3 J).
Using equation (8), the time evolution of DM C =M H can be evaluated as the cold water temperature T C increases. In Figure 8c , the green and pink lines are calculated by equation (8) for T C 525 and 758C, respectively. As the minimum temperature increases, the slope of DM C =M H versus T Hmin becomes steep with similar averaged values of DM C =M H . From visual observations, the volume of the liquid water and hence M H in the hot flask during the eruption is approximately constant. These results indicate that the inflow of cold water DM C does not depend on its temperature.
The probability distribution of the inflow DM C =M H has two peaks (Figure 8d ). Toramaru and Maeda [2013] used a similar experimental setup and reported that subtle differences in flow inside the flask, upwelling or downwelling beneath the inlet of cold water, affect the inflow of cold water, generating the bimodality of eruption styles and volumes. The two peaks observed in Figure 8d may originate from similar processes in the hot flask.
Note that the counted number of eruptions in Figure 8d is only 27, which limits our ability to draw conclusions. When the bins are wider (!0.02), DM C =M H follows normal distribution. In order to evaluate the statistical meaning of observed bimodality, we thus generate random numbers which follow normal distributions with the same distribution shown in Figure 8d . Two peaks appear only 10% of the time. We thus cannot reject the possibility that the bimodal distribution observed in Figure 8d is a statistical accident, but its probability is not high.
Time Evolution of the Discharge Style
When the branch extends horizontally, the discharge style is sensitive to the time evolution of temperature and water level of the cold tank. Figure 9 shows experiment 1-3 with a branch horizontally extending to the cold water tank. Geochemistry, Geophysics, Geosystems
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The eruption style changes around 3000 s. Initially, a short period of boiling and a longer quiescent time are observed, as shown in the temperature measured at the funnel (T4, the orange curve in Figure 9d ) and the water level of the cold tank (Figure 9c ). Here, while boiling occurs in the flask, steam also flows into the cold tank and the water level rises.
After time has elapsed (>3000 s), boiling continues longer (the green curve) and short pauses are observed intermittently (the orange curve). Only steam reaches the vent, which is more similar to a fumarole. The fluctuation of the water level in the cold tank also changes. The water level occasionally becomes low. At this point, the water temperature in the cold tank increases as shown by the light blue curve in Figure 9d , while the water level in the cold tank decreases (Figure 9c ). These results suggest that the higher temperature and lower water level in the cold tank lead to less frequent inflow of cold water.
Conditions for Inflow
We conducted several experiments with different branch heights and radii, and conduit lengths and radii (Table 2 ). In order to characterize the inflow of cold water, we summarize the measured temperatures and pressures in Figure 10 . The typical paths of the pressure and temperature conditions are denoted by arrows. In experiments 0-3 and 0-4 without cold water inflow, the measured pressures and temperatures increase and decrease approximately along the boiling curve (Figure 10a ). When a cold tank is located at the vent, 0-8, as denoted by light blue arrows, the temperature in the flask increases at hydrostatic pressure. Once Geochemistry, Geophysics, Geosystems
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boiling begins, both pressure and temperature decrease, tracing the boiling curve, and then temperature decreases and pressure increases by cold water inflow. In experiments with cold water inflow, 1-1 and 1-3, as shown by red arrows, we see large pressure increases and temperature decrease (Figure 10b ). This is because bubble collapse increases the conduit pressure beyond that from hydrostatic pressure at a Figure 9a by the red arrow. Vertical black lines are generated by someone passing front of the camera. In Figure 9d at around 4300 s, T5 (light blue curve) fell out of the cold tank and the data are removed. Geochemistry, Geophysics, Geosystems
constant temperature, and cold water inflow decreases the temperature in the flask. From these results, we see that the maximum excess pressure documents cold water inflow, summarized in Figure 11a .
Next, we consider the conditions that stop boiling. When sufficient cold water flows into the conduit, boiling may stop. We estimate the rate of heat removed by the product of volumetric flux of cold water flowing down the conduit beneath the branching point and its enthalpy,
where l sub is the conduit length beneath the branching point (Figure 1) , and g l 510 23 Pa s is the liquid water viscosity. DT should be a temperature difference between the water in the branch and steam inside the conduit at the branching point, which is not measurable. The coldest inflow temperature should be atmospheric temperature. We use the temperature difference between the boiling temperature (1008C) and atmospheric temperature in Figure 11a . After the cold tank is heated, the water temperature in the branch could be scaled with the cold tank temperature (T5). We thus use the temperature difference between the boiling temperature (1008C) and T5 in Figure 11b . Equation (9) includes an assumption of laminar flow of water in which the volumetric flux is described by ðpr 4 Þ=8g l Á ðq l gh b Þ=l sub , so we use this formulation as a maximum estimate. Boiling will end when the ratio of Q in to the heat supplied from the heater Q exceeds a threshold. Figure 11a shows the measured maximum pressures relative to the atmospheric pressure defined as ''excess pressure,'' and identifies two groups: one is around 10 4 Pa and the other is 10 5 Pa. The inset figure is the close up of around Q in =Q $ 0, showing that small Q in =Q prevent inflow. Here in the experiments with Q in =Q50, the branch enters the cold tank from the top. The excess pressure for those experiments is 10 4 Pa, indicating that cold water never enters the conduit (also confirmed from visual observations). This result indicates that the conduit pressure at the branching point is higher than atmospheric pressure. The experiments with Q in =Q > 0 include experiments in which the bottom of the tank and branch are at the same elevation. These experiments have an excess pressure of 10 5 Pa, indicating that cold water stops boiling at least once. When both the radii of the branch and conduit are 1 mm, cold water never stops the boiling, irrespective of the branch height. Geochemistry, Geophysics, Geosystems
branch, filled with colder water and having a larger height relative to the branching point, allows flow into the wider conduit to easily stop the boiling and lead to geyser-like eruptions.
The experiments with a narrower branch (blue symbols) fall off the trend. This may be because the flow velocity in the branch affects DT in equation (9) and depends on the branch radius. The red square, showing the experiment with a larger cold tank (experiment 1-1), also deviates from this trend. This may be because, in this experiment, a sufficient amount of cold water can be supplied from the tank so that the water temperature in the branch is lower than that in the other experiments with a smaller cold tank.
Two Branches
Next, we add one more branch directly into the flask, with experiments summarized in Table 3 . The discharge strongly depends on the details of the geometry: some of the configurations (e.g., Figure 12 ) do not produce any eruption, but others, such as those with different branch radii do. Figure 12a and Supporting Information Movie 4 show experiment 2-1, in which the conduit and two branches have the same radii of 3 mm and the branches connect to the cold tanks. Differing from other cases, periodic behavior is observed without boiling in the hot flask. The water in the left and right tanks goes back and forth with waves that are out of phase in Figures 12b and 12c , while the water temperature in the flask (T1, green curve) remains below the boiling temperature, as shown in Figure 12d . The temperatures at T6 and T7 show rapid temperature increases followed by slow decreases and then rapid decreases. The temperature measured in the right tank (T8) is in phase with the temperature in branch 2. In contrast, the pressure and T2 measured in the connection to the left tank, and T5 in the left tank, show the opposite phase. Interestingly, T3 measured in the conduit above the branching point does not fluctuate. The period of the temperature fluctuation in the hot flask (T1, green curve) is half of that in the cold tanks.
We interpret these results as follows. Initially, the water levels of the two tanks and the conduit balance each other. When the water in the flask is sufficiently warm, the thermally buoyant water fills one of the branches. Given that the water density decreases as it warms, the pressure at the bottom of that branch decreases. As a result, cold water from the other tank flows into the hot flask and the water level of the tank In experiment 2-2 (Supporting Information Movie 4), which has a similar plumbing system but with a narrow conduit, the water in the hot flask intermittently boils and flows into both branches. However, the cold descending water that stops boiling is supplied only from branch 2. As a result, the water in the right tank is continuously transferred to the left tank. Finally, the left tank overflows. This is because the left tank is connected to the flask through the narrow (1 mm radius) conduit beneath the branching point. During boiling, the volumetric flux of steam should depend on the heat flux from the heater as shown by equation (4) and depends on the square of radius, pr 2 v. On the other hand, the volumetric flux of cold water is determined by a gravitationally driven pipe flow, and depends on the fourth power of radius, for a laminar flow, pr 4 q l g=ð8g l Þ, and more than third power of radius for a turbulent flow. Steam can thus ascend in both branches, but the liquid water cannot descend in the left branch connected to the narrow conduit, and there is a net flux of water that moves from the right to the left tanks.
When the radius of branch 2 is 1 mm (experiments 2-3), the effect of the right tank is limited and we observe geyser-like behavior similar to Figure 6 . When the conduit is narrow and branch 2 connects to the funnel (experiments 2-4), we also observe geyser-like behavior but with an interval longer than 20 min. All of these experiments show that subtle differences in the plumbing system modify the pressure and buoyancy controlling the transport of heat and mass, and dramatically change the geothermal discharge style.
Summary of Experiments With Applications to Geothermal Discharge Style

The Variety of Discharge Styles Induced by Condensation
One of the most important findings in our experiments is that even a simple system, in which a straight conduit heated from below and cooled through its walls, has a variety in discharge styles ( Figure 5 ). The same conduit length but with different radii can become a fumarole, a boiling spring or a geyser. This result suggests that various styles of discharge can occur in a single geyser basin from the same aquifer if there is a range of crack widths. Figure 13 visually shows this concept. The four conduits on the right indicate the case without branches. For a given heat supply, conduit length and radius determine the style of discharge. For a given length, narrower conduits favor fumaroles because even though the surface area/volume ratio is larger for smaller radii the enhanced heat loss is more than compensated for by more rapid ascent of steam. As the conduit radius increases, steam condenses at the surface so that the vent becomes a boiling pool. If the condensed water is sufficiently cooled, the cooled water occasionally flows down so that vent behaves as a geyser. For a wider conduit, the condensed water cannot reach the surface. This is reported as subterranean geyser, in which intermittent turbulent ejection of steam and noncondensable gases occur within the subsurface part of the vent [White, 1967] .
Longer conduits permit more cooling. If the hot aquifer is deep enough, steam cannot reach the surface without cooling. In these cases, surface discharge requires that the head in the hot aquifer exceeds the elevation of the land surface to sustain discharge from hot springs. On the other hand, if the hot aquifer is shallow enough, steam is not cooled enough to condense. Hot springs will form if the head in the hot aquifer exceeds the surface elevation and the water temperature is below boiling. The actual head or pressure in the hot aquifer is ignored in the interpretation in Figure 13 . Where it has been inferred in natural settings it is close to the land surface [Shteinberg et al., 2013] . Thus, there should exist a range of depths of aquifers which allow geysering that depends on both the heat supply and the width of conduits. This may explain Geochemistry, Geophysics, Geosystems
why, while geothermal activity is ubiquitous in volcanic areas, the occurrence of natural geysers is uncommon, being limited to a handful of geyser fields [e.g., Bryan, 2005] .
Different from our experiments, the rock surrounding the conduit may be heated by discharge. Beneath the continuously discharging fumaroles and boiling pools, their conduits are filled by hot steam, and the surrounding rocks become hot enough to not condense steam. On the other hand, beneath geysers, conduits and surrounding rocks are intermittently cooled by atmospheric air or colder water, so that the ascending steam can condense by lateral heat transfer. This feedback also contributes to the variety of the discharge styles.
Another difference from our experiments is that the ascending steam experiences a large pressure reduction, allowing steam to expand and temperature to decrease. These effects also contribute to condensation. In a wider conduit, steam easily expands and condenses, while a steam flow in a narrower conduit maintains higher pressure over a longer distance so that steam can reach the surface before it condenses. Again, condensation likely occurs in a wider conduit.
Recharge of the Condensed Water
Our experiments show that if the conduit has branches that permit interaction with other water sources, the eruption style becomes more variable. From geyser water chemistry, it is inferred that recent and cold meteoric waters probably are not recharged into shallow geyser reservoirs and are not involved in the eruption process [e.g., White, 1967; Hurwitz et al., 2012; Gibson and Hinman, 2013] . If the condensed water from the hot aquifer reaches the surface, it will function as ''colder water.'' Erupted water cools enough that its recharge can stop eruption [Adelstein et al., 2014] .
As shown in the left two conduits in Figure 13 , if cavities supply the conduit, geothermal activity can have greater variability. A deeper cavity can accumulate more hot water so that more energetic eruptions may become possible. The shallower cavity should contain colder condensed water, which can interrupt eruptions. In this case, the water level of the colder reservoir might also affect the discharge style [Shteinberg Fumarole/ spring Additional reservoir Figure 13 . A schematic diagram of geothermal activities. Right: width of the conduit changes condensation location, controlling discharge style. Left: interaction with cold water influences discharge. 2016GC006472 et al., 2013 . If a conduit connects to more cavities, the cavities can exchange water with each other, as observed in Figure 12 . The interaction patterns depend on the width ratios of conduit and branches.
Geochemistry, Geophysics, Geosystems
Our experiments do not permit recharge through conduit walls by permeable flow. The major geyser fields of Yellowstone, Geyser Valley, Kamchatka, Russia, and El Tatio, Chile are located on volcanic deposits with high permeability [e.g., Lahsen, 1976; Belousov et al., 2013; Hurwitz and Lowenstern, 2014] . Although sinter precipitation might make permeability lower near the conduit [Munoz-Saez et al., 2016] , the high permeability of surrounding rocks should contribute to both removing heat from steam and interaction with cold water. The condensed water erupting onto the surface can drain into the subsurface by permeable flow, and cool surrounding rocks. Once the conduit is filled with steam, the pressure inside conduit becomes low and recycled water can enter the conduit by permeable flow from the surrounding rocks, stopping boiling [Ingebritsen and Rojstaczer, 1996; Manga and Brodsky, 2006] . The plumbing system of geysers has been proposed to range from a network of cracks that functions as a permeable medium to channels and large cavities [Ingebritsen and Rojstaczer, 1993; Hutchinson et al., 1997; Belousov et al., 2013] . All these geometries can create geysers and variations in the geometry of plumbing systems lead to variations in eruption style and frequency.
Natural conduits are wider than those in our experiments, 3 mm. Both cold water recharge and wider conduits would generate horizontal temperature differences in the conduit, which may allow liquid to flow down the walls of the conduit while steam rises. Recharge by permeable flow is still, however, governed by the pressure difference between the conduit and the water source, as it is for our model system with branches. Permeability probably changes over time due to silica precipitation or external influences such as earthquakes, which in turn change the eruption style.
Temporal Evolution of Eruption Intervals
If a conduit connects to a cold water source through a horizontal branch, and the temperature and water level of the colder water is time-dependent as simulated in our experiment (Figure 9 ), the activity of the vent also becomes time dependent. When the water level is sufficiently high, discharge occurs as a hot spring. When the water level is low, the discharge becomes fumarole-like. If there are more branches, the eruption style and interaction become more complicated (Figure 12 ). Subtle differences in the geometry of the conduit and water levels in the surrounding rocks caused by complexity of heterogeneous geology can explain the variability in geyser eruption timing observed at most geysers. Given the ease of creating irregular eruption intervals in laboratory experiments with branches (this study) or bubble traps [Adelstein et al., 2014] , it is all the more remarkable that some natural geysers can exhibit very regular eruptions.
The eruption dynamics of geysers have been investigated as an analogue of volcanic eruptions [e.g., Kieffer, 1989] . The interaction of horizontally elongated magma reservoirs has been suggested and recently confirmed by the 2000 eruption of Miyakejima Volcano, Japan [Geshi et al., 2002] , and from the view of material analysis [Cashman and Giordano, 2014] . Our experimental results may be applicable to volcanic plumbing systems.
Comparison With Field Observations
We now provide a qualitative comparison between our experimental results and observations made in geysers at El Tatio, Chile and Yellowstone, USA. Here geysers show various discharge styles that may be attributed to the complexities of plumbing systems. Since natural systems are quite complex, not all geysers introduced in this section correspond one-to-one with experimental models, but their various discharge styles may have analogous origins.
El Tatio, Geyser Field
The El Tatio geyser field hosts various types of geothermal activity. In the El Tatio geyser field, in a broad sense, geothermal features at higher altitude (Upper Basin) discharge more steam, whereas those at lower altitude (Middle and Lower Basins) have more liquid discharge, suggesting that the water level affects the discharge style. However, various types of geothermal activities coexist in a given basin and geothermal features interact with each other [Munoz-Saez et al., 2015a] , highlighting the importance of the plumbing geometry.
Geochemistry, Geophysics, Geosystems [Namiki et al., 2014] . However, the temperature difference of 10 2 8C is a maximum estimate and additional cooling would be needed. Because the eruption interval of El Jefe does not depend on atmospheric temperature, atmospheric air does not cool the conduit walls. Higher permeability of the ignimbrite deposit in this area may also promote heat exchange between steam and surrounding rocks. We also estimate the energy loss by adiabatic expansion during ascent [e.g., Namiki and Manga, 2005] , and then find that 60 kg of steam from deeper than 100 m loses more than 10 8 J. Thus, the amount of the water regularly erupted in El Jefe geyser can be explained by the energy loss in a wide conduit.
Cooling in a Pool
In section 3.1.3, when a pool exists at the vent, the experiment shows intermittent discharge and recycling of water, and continuous condensation of steam. In the Middle Basin of the El Tatio geyser field (more liquid-dominated eruptions), many of the geysers have pools at their vents. Sometimes they continuously splash water and behave like a boiling pool/perpetual spouter. Some pool geysers erupt without water discharge from the pool and water temperatures in the pool are typically just below boiling, suggesting that the erupted water is recycled back into the subsurface after it has cooled. Figure 14a and Supporting Information Movie 5 show one example that hosts two geysers. In this pool, boiling occurs continuously, and its intensity is time dependent.
The subsurface views in Figures 14b and 14c reveal that the bubbles that are the source of eruptions emerge from small spaces between rocks. Although there may exist a crack under the sediment layer, permeable flow transports water for some distance. Some steam condenses and other steam inertially splashes water at the surface, which is similar to experiments documented in Figure 3a , experiment 0-8. This differs from geysers without pools, in which vents and their conduits are more crack-like [Hutchinson et al., 1997; Munoz-Saez et al., 2015b] . Geysers without pools may be more efficient at cooling steam inside the conduit than a pool geyser, because of the larger surface area to volume ratio of the surrounding rock in contact with steam. From the observation of the pool geyser in El Tatio (Figures 14b and 14c) , we infer that permeable flow with a large surface area efficiently cools ascending steam.
A Geyser With Two Eruption Durations: A Day and an Hour
In section 3.2.3, the change of temperature and water level of the cold tank dramatically modified the eruption style at the vent ( Figure 9 ). We here introduce a possible example of such interactions in the field. Glennon and Pfaff [2003] describe geyser T25 in the Upper Basin of El Tatio as one that sometimes ejects water to a height exceeding 5 m (major eruption) and will continue spouting with a height of less than 0.3 m for hours to days. Figure 15a is a picture of T25 showing spouting as reported in Glennon and Pfaff [2003] .
We measured temperature in the outflow channel close to the vent using a small temperature logger with a diameter of 17 mm (thermochron, KN-laboratories) in a steel case. The logger has temperature accuracy and time resolution of 0.58C and 1 s, respectively. However, because the logger was housed in a steel case the response time is longer. We thus focus on relative fluctuations rather than absolute temperature.
The red curve in Figure 15c shows that high temperatures continue for approximately 24 h from 6 October 00:00 A.M. to 7 October 00:00 A.M. In the latter-half of this time span, the measured temperature becomes relatively low but higher than 608C (ambient air temperature ranges from 25 to 208C). We infer that eruption changes from spouting to vigorous and that the discharged water makes a high water column instead of flowing directly onto the temperature logger. Outside of the period with the long, sustained eruption we see intermittent temperature fluctuation with an interval of ca. 3 h. Measured temperature becomes close Geochemistry, Geophysics, Geosystems
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to 208C, indicating that the discharge stops. Interestingly, the duration of the discharge and quiescence are approximately the same. At most (but not all) geysers, eruption duration is shorter than the time without eruption.
As a reference, we also show the measured temperature for El Cobreloa (Figure 15c) , located 190 m southwest of T25 in the same Upper Basin. El Cobreloa has a similar size mound ( Figure  15b ). El Cobreloa also has major eruptions and spouting (preplay). The eruption interval of El Cobreloa is several hours, similar to T25, but discharge of El Cobreloa has never continued for 1 day as observed in T25, at least during the 2 weeks that it was monitored. Geochemistry, Geophysics, Geosystems
If geyser T25 has a horizontally elongated plumbing system connecting to a water table with varying water level as we discussed with Figure 9 , the subtle change of water level can halt the inflow of cold water. Such effects may able to originate the various eruption durations of T25, from 1 day to several hours ( Figure 15c et al., 2015a] . During the eruption of Vega Rinconada geyser, the pool never boils, but its water level decreases, documenting the pressure decrease in both the conduit and the pool.
Lone Star Geyser, Yellowstone
In section 3.2.2, the interaction of cold and hot water leads to bimodality of discharged water mass. Similar characteristics are also observed in other laboratory experiments [Toramaru and Maeda, 2013] . The eruption intervals of Old Faithful geyser also have a bimodal distribution [Rinehart, 1965] . We next introduce Lone Star Geyser in Yellowstone, National Park (USA) (Figure 16a ) as another example of bimodal intervals. Lone Star Geyser discharges a smaller amount of water before the major vigorous eruptions, which is called preplay [Karlstrom et al., 2013; Vandemeulebrouck et al., 2014] . Here we show the bimodality of preplay events.
In order to characterize the intervals of preplay events of Lone Star Geyser, we made field measurements during 13-17 April 2014. We determine the intervals between eruptive activity using the temperature of the discharged water measured at the location marked by the blue box in Figure 16a . Here the sinter cone of Lone Star Geyser has a small basin at its top in which liquid can pool temporarily. To check whether the measured temperature at the bottom of the cone records preplay events, we compare temperature with visual observations, measurements from the infrared radiation above the vent (IR), and volumetric flux of discharged water (Figures 16b-16d ). The volumetric water flux was measured downstream in geyser outflow channels about 70 and 100 m from the cone, using the method described in Karlstrom et al. [2013] . Given that in April the measured discharge includes melted snow, we focus on changes in discharge rather than the absolute magnitude. Geochemistry, Geophysics, Geosystems 10.1002/2016GC006472 Figure 16b shows the time evolution of geyser activity revealed by visual observations, in which the part of the image inside the red rectangular region shown in Figure 16a is shown as a function of time. The vertical whitish bars image the steam-dominated discharge and include two major eruptions around 17:00 and 19:30 (UTC), 16 April 2014. The major eruption is also recorded by IR measurements and water discharge (Figure 16c ). The delayed peaks observed in the discharge measurement show time for the erupted water to flow in outflow channels and be measured. Prior to the major eruption, minor discharge (preplay) events can be recognized in Figures 16b and 16c .
During the preplay events, the measured temperature increases, indicating that hot liquid water flows over the temperature logger (Figure 16d ). When the eruption becomes a steam eruption, the measured temperature begins decreasing. Ascending steam does not warm up the temperature logger located at the bottom of the cone, so that the measured temperature decreases during the major eruption after it transitions to a steam-dominated eruption. Here the duration of positive slopes in the temperature measurement ( Figure  16d ) and preplay events (Figures 16b and 16c ) are well correlated. We thus assume that the measured temperature sufficiently characterizes the duration of preplay events.
In Figure 16d , the red circles at the local maxima indicate the end of hot liquid water discharge. The first and last local maxima are marked by the green and light blue asterisks, respectively. The light blue asterisks indicate the beginning of major eruptions and the number of the red circles before the light blue asterisk is the number of preplay events. Major eruptions begin with liquid water discharge, and then evolve into vigorous steam discharge. Geochemistry, Geophysics, Geosystems
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From the temperature measurements and water discharge shown in Figures 16b-16d as well as visual observations, we see that the first major eruption is preceded by seven preplay events, while the second major eruption is preceded by only one (more vigorous) preplay event. Here we note that, in the first eruption sequence, the intervals between preplay events become shorter as they approach the main eruption. This could be explained if colder water supplied from a small reservoir stops each preplay event and the reservoir is heated by each preplay event (Figure 9 ).
These two types of preplays may affect the eruption interval. We plot the measured probability distribution of eruption interval (between the green asterisks) in Figure 17a , identifying two peaks. Here the time duration between the initiation of a major eruption and the next preplay event (time between the light blue and green asterisks) has one peak (Figure 17b ), while preplay duration (time between the green and light blue asterisks) has two peaks ( Figure 17c) . Similarly, the number of preplay events before the each major eruption has two peaks ( Figure 17d ). We thus infer that there are two types of preplays. One is long with numerous discharge events, the other has a shorter duration and fewer discharge events.
We suggest that the conduit of Lone Star Geyser is connected to an additional reservoir with large height difference, as shown in Figure 13 . Each preplay event must heat the water in the additional reservoir, while the inflow from the additional reservoir stops preplay to prevent more vigorous major eruption. The subtle difference of temperature and water level of this small reservoir dramatically changes the inflow. The mass of cold water inflow has a bimodal distribution (Figure 8 ), depending on the temperature distribution in the hot aquifer [Toramaru and Maeda, 2013] , which may cause two types of preplay and the bimodal distribution of the eruption intervals (Figure 17 ). Once the additional reservoir becomes sufficiently hot that it cannot stop boiling (Figure 9 ), a major eruption will occur. After the major eruption, the pressure inside the conduit becomes low enough that cold water from the larger cold reservoir or permeable flow recharges the plumbing system. This concept is consistent with that inference based on seismological observations [Vandemeulebrouck et al., 2014] . The bimodal distribution of the eruption interval is also reported at Old Faithful [Rinehart, 1965] , so these inferences may apply elsewhere.
Conclusions
Recent field observations in the Yellowstone and El Tatio geyser fields reveal great diversity of discharge style in a restricted area. In order to address the origin of the various discharge styles and irregular eruption intervals, we conducted three series of boiling experiments with different plumbing geometries, ranging from a single straight conduit, to conduits with either one or two branches connected to cold reservoirs. From experiments without a branch, we confirmed that intermittent eruptions, or geysering, occur by the condensation of steam at the surface when the heat supply from the hot aquifer balances the cooling through the conduit wall. When the conduit is connected to a cold water source, the pressure and temperature differences between the branch and the conduit determine the occurrence of the inflow of cold water and control the intermittency of discharge. The change of water level of cold water originates variations of eruption intervals. Additional branches lead to more complicated discharge styles. Based on our experiments, we infer that there exists an appropriate depth of the hot aquifer to create geysers, which might explain why geyser fields are rare.
In the introduction, we highlighted three open questions which we now address based on the field and experimental observations.
1. Why do neighboring geothermal features exhibit different behaviors? Even for the same heat and water supplies, differences in subsurface plumbing geometry, in particular length and radius of the conduit, and intersection with other water sources through a branch, can lead to eruption style varying from fumaroles, to geysering, to hot springs. 2. Why do some geysers erupt regularly and others do not? A single straight conduit promotes regular eruptions, and recharge from other aquifers promotes irregular eruptions. 3. How do geothermal features interact each other? Pressure differences between connected conduits results in heat transport and water flow. The geometry of the plumbing regulates the flow rate, hence determine whether geysers interact.
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